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Dispersion of surface acoustic waves (SAW) has been used to charac-
terize subsurface anomalies [1], estimate physical property gradients [2], 
calculate the effective elastic constants of fiber composite materials [3] 
and evaluate thin film thickness [4] and microstructures [S]. In most 
cases, SAW were generated and detected using piezoelectric transducers 
either in direct contact with the sample [ 1], or coupled to it with a 
liquid couplant [3-S]. Coupling problems arise in the case of samples at 
elevated temperature or in motion. These problems are solved by laser-
ultrasonics, which uses lasers to generate and detect ultrasound, without 
contact and at distance [6, 7]. This technique applied to SAW generation 
and detection has been used for the evaluation of material properties [8, 
9], to near-surface flaw detection [8, 10) and to the measurement of the 
thickness of thin metal sheets [9, 11). Most applications require condi-
tions of generation, which do not affect the surface of the specimen, 
i.e. operation in the thermoelastic regime. In this case, rather weak 
ultrasonic displacement signals are generally produced, but considerable 
enhancement of the signal has been demonstrated by distributing the laser 
energy on a circle and detecting the displacement at the center of conver-
gence of the generated SAW [B). 
In this paper this converging SAW technique is used and dispersion 
effects are analyzed for the case when the specimen is not infinitely 
thick and is, in particular, made of several layers. A novel time-domain 
signal processing method is presented, based on narrow-band filtering of 
wide-band SAW pulses and crosscorrelation, which permits to measure both 
phase and group velocities as a function of frequency. Experimental 
velocities measured on a thick layered substrate are compared to theo-
retical calculations. The application of this method to on-line measure-
ment of the zinc layer thickness deposited by a hot-dip galvanization line 
is discussed. 
EXPERIMENTAL SETUP 
The experimental setup is sketched in Fig. 1. A Nd: YAG laser of 10 
ns pulse duration, 0. 75 J maximum energy is used for SAW generation. A 
ring source is produced at the surface of the specimen by using a 
converging lens and an axicon [8). The beam is sufficiently attenuated, 
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Fig. 1. Experimental apparatus for laser generation 
and detection of SAW pulses. 
so that generation occurs in the thermoelastic regime. The ring diameter 
can be adjusted from 3 to 30 mm with a typical width of 0.2 mm by varying 
the axicon distance to the sample. The SAW converging toward the center 
of the ring is detected by an argon laser coupled to a heterodyne 
displacement interferol!leter described in reference 12. The probe beam is 
focused at the center of the ring through a dichroic mirror which trans-
mits the generating laser beam but reflects light from the receiving 
laser. 
SAW DISPERSION ON A THICK METALLIC LAYERED SUBSTRATE 
~le have used this experimental setup to measure the surface wave 
dispersion on thick metallic samples. The samples used are 25 mm thick 
copper (Cu) substrates coated with silver (Ag) layers of 20, 60 and 125 ~ 
thickness, or chromium ( Cr) layers of 7. 5, 25 and 50 lJil thickness. The 
Rayleigh velocity of the copper being 2235 m/s, 25 mm corresponds to about 
10 ultrasonic wavelengths at 1 MHz, so the substrate can be considered 
infinite for frequencies above 1 MHz. The converging SAW signals gene-
rated by a 15 mm diameter annular source are shown in Fig. 2. Dispersion 
effects, which increase with layer thickness, can be readily seen. In the 
case of the Cr layers, high frequency components have a higher velocity, 
whereas the opposite occurs with the Ag layers. This can be explained by 
the penetration of the SAW, which propagates in the solid to a depth of 
the order of its wavelength. Low frequencies penetrate deeper and tend to 
propagate in the substrate, whereas high frequencies have less penetration 
and propagate mainly in the layer. Cr having a faster shear and Rayleigh 
velocity than Cu, high frequencies consequently propagate faster, whereas 
the reverse occurs for Ag. 
The method generally used to measure velocity from broadband pulses, 
such as shown in Fig. 2, is based on the phase analysis of the Fourier 
transform of the ultrasonic signal [2, 13]. In our case, the Fourier 
transform of the converging SAW generated by an annulus of radius r can be 
expressed as: 
u(r,f) = u0 (f) e -a(f,r) e-i[21!fr/c - <Jb(f)] (1) 
where f is the frequency, U0 (f) and <Po(f) are the initial amplitude 
and phase terms due to thermoelastic generation, a(f,r) is an attenuation 
propagation term, and 21!fr/c a phase propagation term. This term can 
be determined by using two different ring sources of radii r 1 and r 2• 
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From ( 1), the phase difference between the SAW generated by sources of 
radii r 1 and r 2 is: 
(2) 
Equation (2) shows that the phase velocity c, or the phase delay 
t , can be determined from the phase difference of the two converging 
sKw. This phase difference can be calculated either by Fourier transform 
of the two signals, or by Fourier transform of their crosscorrelation[14), 
using in addition a phase continuity algorithm to avoid 2n jumps [13). 
Concerning the precision of this method, which operates in the frequency 
domain (FD), the standard deviation error on the propagation time, tp, 
is given by [14): 
OfD (f) m [1 + 2 SNR(f))t/[2nf Vz SNR(f)) (3) 
where SNR(f) is the frequency dependent signal-to-noise ratio. This error 
increases when the frequency or the signal-to-noise ratio decrease. An 
important limitation of this method originates from truncation of data. 
Truncation, or windowing, is needed to remove extra reflections or 
spurious signals, but it may strongly affect the phase spectra. The 
signal discontinuities at the edges introduce false frequency components, 
and the spectral leakage of the window integrates the noise over the 
entire frequency band [ 15). One should also note, that the frequency 
resolution of this frequency domain method is fixed by the discrete 
Fourier transfonn to 1/T, where T is the time duration of the truncated 
SAW signal. From the phase velocity and its variation with frequency, the 
group velocity cg is then determined according to [13): 
c 2; ( c-f de/ df) (4) 
This formula shows that the determination of the group velocity is very 
sensitive to errors on the phase velocity due to the derivative dc/df, so 
the group velocity determined in this way will be generally much less 
accurate than the phase velocity. 
To overcome these limitations, we have developed a method of analysis 
which operates in the time domain (TD) and which is, to our knowledge, 
novel. It consists in nar row-band filtering the ultrasonic signals a round 
a center frequency f using frequency gaussian filters [ 16], a nd then 
cal culating the envelope of the narrow-band pulses by t aking the magnitude 
of the analytic signal [ 17). The time delay between the two narrow-band 
signals, which in this case originates from two ring sources of different 
radii, represents the pha se delay at the frequency f, and the time delay 
between the two enve lopes gives the group delay. They can be accura tely 
measured by crosscorrelation [14). This TD method is e quivalent to the 
tone-burst method [18), except that in this case all the frequencies are 
obtained directly from the wide-band SAW and the nar row-band burst is 
obta ined by digital processing instead of using a tuned pulsed oscil-
lator. As in the case of the tone-burst method, an uncertainty of k/f, 
where k is an unknown integer and f is the center frequency of the burst, 
can appear in the measurement of the phase velocity in the ca se of highly 
dispersive media. This uncertainty is eliminated by using a phase delay 
continuity algorithm to detect 1/f time jumps. This t ime continui ty 
algorithm is, as shown by eq. 2, equivalent to the phase continuity 
algorithm used i n the FD method. 
The TD method has several advantages over the more classical FD 
method. Both phase and group velocities can be directly measured, the 
time truncation does not affect the crosscorrelation, mixed s ignals can 
sometimes be separated as we will show below, and finally the time 
uncertai nty could be made smaller with proper choice of the bandwidth 
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of the narrow-band filters. The error on the time measurement with the TD 
method is given by [14]: 
t t 
OJ:o(f) = [3(1 + 2 SNR)] /(2/2 n if SNR.[(f+llf/2) 3 - (f-llf/2) 3] ) (5) 
where T is the time duration of each SAW pulse, SNR is the signal-to-noise 
ratio at the center frequency f, and llf is the bandwidth of the narrow-
band filter. From eq. (3) and (5), the ratio of the two standard devia-
tion errors oro/ "''D is given by: 
oro/ oro = [T r:f. o + r:f./12 f 2)Jt (6) 
which reduces in practice to (T Af)t, since t:f is generally less than f. 
This shows that the TO method is superior to the more traditional FD 
method when t:f> 1/T, i.e. when the bandwidth of the narrow-band filter is 
larger than the intrinsic frequency resolution of the discrete Fourier 
transform. It should be noted that this advantage does not appear very 
large if Af is kept sufficiently small for adequate resolution. However, 
the expression of Opo does not take into account the additional spurious 
frequencies and additional noise introduced by truncation, which results 
in practice into a much larger gain in precision of the TD technique over 
the FD technique, as it is shown below. 
The time and frequency domain methods have been applied to the thick 
Cu substrates coated with Cr and Ag using ring sources of 3 mm and 15 mm 
diameter. Typical experimental signals and the corresponding signals 
obtained after filtering, as well as their envelopes, are shown in 
Fig. 3. The experimental phase and group velocities deduced from these 
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signals by crosscorrelation (TD method) are shown in Fig. 4 with the 
results obtained by the FD method. It is clear that the TD method gives a 
better precision of determination of the phase velocity, particularly at 
low frequencies. In the case of the group velocity determination, the 
advantage of the TD method is even more obvious. With the FD method, 
meaningful group velocity results cannot be calculated in the case of the 
Cr layer, and large errors appear at high frequencies in the case of the 
Ag layer. 
We have compared these experimental results to theoretical data 
obtained with the computer program described in reference 19, which is 
based on the harmomic solution of the equation of motion [20] with appro-
priate boundary conditions. The velocities vary from the Rayleigh velo-
city in the substrate at low frequency-thickness values, to the Rayleigh 
velocity of the layer at high frequency-thickness values. In the case of 
the Cr coating, di spersion curves cannot be calculated with this program 
above the shear velocity of the copper substrate. By comparing Fig. 4 and 
Fig. 5, we can observe a good qualitative agreement between the experi-
mental and theoretical results. 
SAl~ DISPERSION ON A SYMMETRICALLY LAYERED THIN SUBSTRATE 
The study of this problem is of practical interest for application to 
the on-line determination of the z inc layer thickness in the hot-dip 
galvanization process. In this process, a steel sheet is covered on both 
sides by a zinc layer following high-speed dipping of the sheet in a bath 
of molten zinc. The thickness of the zinc coating is measured after the 
process, and on-line monitoring would provide useful information for 
process control. Laser-ultrasonics is a noncontact r emote technique well 
suited to this case involving a hot and moving product. We ha ve investi-
ga ted this problem in the laboratory by using a set of steel specimens 0 .6 
rom thick, zinc coated on both sides by electro-deposition to thicknesses 
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of 5, 10 and 20 1-fll• 0. 6 mm is a typical sheet thickness, which generally 
ranges from 0.35 to 6 mm [21). Electro-deposition produces specimens with 
uniform and fine grain layers, better suited to an initial evaluation of 
the technique than the less uniform and coarser grain coupons cut from 
hot-dip galvanized sheets. The experimental setup is the same as before, 
except that we used for laser detection a Fabry-Perot interferometer 
described in reference 22. This interferometer demodulates the back-
scattered light from the sample and is less sensitive to beam alignment 
and surface roughness. It is thus more suited for industrial applications. 
The experimental results obtained with an uncoated specimen and a 
specimen symmetrically coated with 10 )JU of zinc are shown in Fig. 6. 
Since the substrate cannot be considered thick (the ultrasonic wavelength 
of the SAW at 1 MHz is .. 3 mm in steel), the generated SAW are dispersive 
with or without coating and an infinite number of symmetric modes and 
antisymmetric modes are generated [ 23). For very small frequency-sheet 
thickness products, only the first symmetric S 0 and antisymmetric A 0 modes 
can propagate, and the determination of their velocities can be used to 
estimate either the sheet thickness or elastic constants [9, 11]. Other 
modes appear above cutoff values of the frequency-thickness products, 
which are multiples of cL/2 and cT/2, where c1 and CT are respec-
tively the longitudinal and shear velocities of the steel sheet. On 
sheets symmetrically coated, additional dispersion occurs due to the 
layered structure and the relative amplitudes of the different modes are 
modified. 
We have applied the TD method for analyzing dispersion in this case. 
As shown in Fig. 6, this method permits to show distinctly the arrival of 
several modes. The group velocities measured from such a data versus 
frequency are shown for the 20 ).Ill coated specimen in Fig. 7. We have also 
tried a comparison with theory. Theoretical velocities can be calculated 
from the solution of the equation of motion with proper boundary condi-
tions [24]. Fig. 8 shows the theoretical velocities of a 0.6 mm steel 
sheet uncoated or symmetrically coated with two 20 ).Ill zinc layers. Only 
the A0 and S 0 modes have been plotted for sake of clarity. On the 
uncoated steel sheet, the velocities tend towards the steel Rayleigh 
velocity at high frequency, whereas on the zinc coated sheet they tend 
towards the zinc shear velocity [20). As seen in Fig. 8, the experimental 
points measured by the TD method are in good agreement with theoretical 
predictions. Group velocity varies also with layer thickness for a given 
frequency. Fig. 9 shows for example the measured group velocity of the s 0 
mode at 12 MHz for different zinc thicknesses. Such a plot can be used in 
principle to determine an unknown zinc thickness from the measurement of 
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the group velocity. However, before this technique could be applied to 
the control of the hot-dip galvanization process, further studies would be 
needed. The effect of unequal layers on the two sides of the sheet as 
well as the effect of coarse grain and texture need to be assessed. 
CONCLUSION 
We have measured the dispersion of SA\i on thick and thin metallic 
substrates using laser-ultrasonics. This technique has the advantages of 
being broadband, remote and noncontact, and is nondestructive in the ther-
moelastic regime. In order to enhance the precision of the measurements, 
the signal-to-noise ratio has been increased by focusing the SAW with an 
annular generating source, and an accurate time domain signal processing 
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method has been developed. This method, based on narrow-band filtering 
and crosscorrelation, has the advantages over the traditional frequency 
domain phase analysis method of giving a better precision, of allowing to 
measure both phase and group velocities, of being less sensitive to trun-
cations, and of permitting separation of various propagation modes. We 
have shown that laser-ultrasonics coupled to the method of signal analysis 
we have developed could be used in principle for the control of high-
temperature coating processes, such as hot-dip galvanization. 
ACKNOWLEDGEMENT 
The authors wish to thank C.K. Jen for providing the computer program 
used for calculations of the theoretical data and for useful discussions, 
B. Champagne for providing the galvanized steel samples, N. Daneliak and 
J. Lai t of Stelco Inc. for bringing to our attention the application to 
galvanization. 
REFERENCES 
1. B.R. Tittmann, G.A. Alers, R.B. Thompson, R.A. Young, Proc. IEEE 
Ultrasonics Symp. (1974), pp. 561-564. 
2. B.R. Tittmann, L.A. Ahlberg, J.M. Richardson, R.B. Thompson, IEEE 
Trans. Ultrason. Ferroelectrics Frequency Control, Vol. UFFC-34 No. 5 
(1987) PP• 500-507. 
3. D.E. Chimenti, A.H. Nayfeh, J. Appl. Phys. Vol. 58 (1985) pp. 
4531-4538. 
4. R.D. Weglein, Appl. Phys. Lett. Vol. 35 (1979) PP• 215-217. 
5. G.M. Crean, M.G. Somekh, Proc. IEEE Ultrasonics Symp. Denver, 
Colorado, Oct. (1987). 
6. D.A. Hutchins, Can. J. Phys. Vol. 64, No. 9 (1986) pp. 1247-1264. 
7. J.-P. Monchalin, IEEE Trans. Ultrason. Ferroelectrics Frequency 
Control, Vol. UFFC-33, No. 5 (1986) pp. 485-489. 
8. P. Cielo, F. Nadeau, M. Lamontagne, Ultrasonics March 1985, pp. 55-62 
9. D.A. Hutchins, K. Lundgren, Rev. Progress in Quantitative NDE, D.O. 
Thompson and D.E. Chimenti Ed., Plenum Press, New York, Vol. 7A, 
(1988) pp. 79-83. 
10. A.M. Aindow, J.A. Cooper, R.J. Dewhurst, S.B. Palmer, Proc. Ultra-
sonics Int. Con£., Halifax (Canada), 12-14 July (1983) PP• 20-24. 
11. R.J. Dewhurst, C. Edwards, A.D.W. McKie, S.B. Palmer, Appl. Phys. 
Lett., Vol. 52, No. 14 (1987) pp: 1066-1068. 
12. J.-P. Monchalin, R. Heon, N. Muzak, Can. Metal!. Quarterly, Vol. 25 
No. 3 (1986) PP• 247-252. 
13. W. Sachse, Y.H. Pao, J. Appl. Phys. Vol. 49, No. 8 (1978) 
PP• 4320-4327. 
14. J.-D. Aussel, J.-P. Monchalin, to be published. 
15. F.J. Harris, Proc. IEEE, Vol. 66, No. 1 (1978) PP• 51-83. 
16. N.M. Bilgutay, J. Saniee, Mat. Eva!. Vol. 42 (1984) pp. 808-814. 
17. P.G. Gammel, Int. Adv. in NDT Vol. 10 (1984) PP• 183-266. 
18. E.P. Papadakis, Physical Acoustics, Ed. W.P. Mason and R.N. Thurston, 
Academic Press, New York, Vol. 12, Ch. 5 (1976) pp. 277-374. 
19. E.L. Adler, C.K. Jen, G.W. Farnell, J. Slaboszewicz, Proc. Ultra-
sonics 1985 Int. Con£. London, U.K. (1985) pp. 733-738. 
20. G.W. Farnell, E.L. Adler, Physical Acoustics, Ed. W.P. Mason and 
R.N. Thurston, Academic Press, New York, Vol. 9, Ch. 2, (1972) pp. 
35-127. 
21. ASTM Standard A 525M-80, Annual Book of ASTM Standards. 
22. J.-P. Monchalin, R. Heon, Mat. Eval. Vol. 44, No. 10 (1986) pp. 
1231-1237. 
23. I.A. Viktorov, Rayleigh and Lamb waves: Physical theory and applica-
tions, . Plenum Press, New York (1967). 
24. ~Lee, N. Chang, Journal of Elasticity, Vo1.9, No.1, 1979 pp.51-69 
542 
